Numerical values of the NRTL equation parameters for calculation of the vapour -liquid -liquid equilibria (VLLE) at atmospheric pressures have been presented for 5 ternary mixtures. These values were fitted to the experimental VLLE and vapour -liquid equilibrium (VLE) data to describe simultaneously, as accurately as possible, the VLE and the liquid -liquid equilibria (LLE). The coefficients of this model called further NRTL-VLL were used for simulations of n-propanol dehydration via heterogeneous azeotropic distillation. The calculations performed by a ChemCAD simulator were done for 4 mixtures using hydrocarbons, ether and ester as an entrainer. In majority simulations the top streams of the azeotropic column had composition and temperature similar to the corresponding experimental values of ternary azeotropes. The agreement between the concentrations of both liquid phases formed in a decanter and the experimental values of the LLE was good for all four simulations. The energy requirements were the most advantageous for the simulation with di-npropyl ether (DNPE) and isooctane. Simulations were performed also for one mixture using the NRTL equation coefficients taken from the ChemCAD database. In that case the compositions of the liquid organic phases leaving the decanter differed significantly from the experimental LLE data.
INTRODUCTION
There is increasing interest in the use of dehydrated alcohols (ethanol, n-propanol, isopropanol and n-butanol) as a transport fuel. Biological fermentation delivers low concentration aqueous solutions of these alcohols. They may be relatively easily concentrated by a simple distillation. However, those alcohols form with water low boiling point azeotropes, which requires the use of other techniques to obtain anhydrous alcohols. One of them is a heterogeneous azeotropic distillation with the addition of a third component, which can form with water -an alcohol mixture, a ternary heteroazeotrope. A classic example is the dehydration of ethanol using benzene (Young, 1902) . It has very good properties as an entrainer but carcinogenic nature. Therefore, it is proposed in the literature to use diisopropyl ether (DIPE) (Pienaar et al., 2013; Pla-Franco et al., 2014a) or other hydrocarbons: cyclohexane (Gomis et al., 2005) , n-hexane (Gomis et al., 2007a) , isooctane (Font et al., 2003) and n-heptane (Gomis et al., 2006) . In the case of n-propanol dehydration process the following substances have been proposed to be used as an entrainer: cyclohexane (Lee and Shen, 2005) , isooctane (Pla-Franco et al., 2014a) , DNPE (Lladosa et al., 2008) and n-propyl acetate (Pla-Franco et al., 2014b) .
The flowsheet of heterogeneous azeotropic distillation can be examined by professional simulators. Font et al. (2003) obtained the Uniquac equation parameters for the water -ethanol -isooctane system by correlation of the VLE and VLLE data and used them in the simulation of ethanol dehydration. The cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe same system was investigated by Cairns and Furzer (1990) . Pla-Franco et al. (2014b) proposed a flowsheet consisting of three columns for separation of the mixture water -n-propanol using n-propyl acetate. The same authors (Pla-Franco et al., 2014a) compared the simulations of ethanol dehydration process using benzene or DIPE. Arifin and Chien (2007) , Chang et al. (2012) and Wu and Chien (2009) performed the simulations of isopropanol dehydration process using cyclohexane. Wyczesany (2011) applied the NRTL equation for the simulations of ethanol dehydration process using hydrocarbons such as cyclohexane, n-hexane, n-heptane, and isooctane. The parameters of this equation were fitted to the experimental VLLE data but the minimized objective function calculated separately the VLE and the LLE for these data. NRTL-VLL parameters obtained in the presented papers were fitted to the experimental data when the minimized objective function described the full VLLE. Gomis et al. (2015) compared the results of the experimental work of a semi-pilot plant scale distillation column with the calculated results obtained from the simulations for the process of ethanol dehydration using: n-hexane, cyclohexane, isooctane and toluene.
The calculation results of simulation are strongly dependent on a properly chosen thermodynamic model, which in heterogeneous azeotropic distillation should describe both the VLE and the LLE as accurately as possible. Equations such as the NRTL and the Uniquac can correlate the VLE and separately LLE with high precision. Unfortunately, the correlated parameters describing exactly the VLE predict the LLE very inaccurately and vice versa. The ChemCad data bank contains the coefficients of the NRTL and the Uniquac equations for the water -n-propanol mixture fitted with the VLE data. Both equations describe the VLE of this mixture with high precision but predict also the miscibility gap. (In reality water and n-propanol are miscible completely). The same phenomenon can be observed for the majority of the coefficients of both equations presented in literature for the water -n-propanol mixture.
The problem of parameter correlation for the VLLE was described in a previous work by the author (Wyczesany 2014) , using the NRTL equation. Its parameters were fitted simultaneously to the experimental VLLE and VLE data. For 27 ternary systems measured at atmospheric pressure calculation results showed that the NRTL equation can describe quite accurately the VLLE and the VLE of ternary mixtures and their binary subsystems if the parameters of this equation were fitted simultaneously to three-phase and two-phase equilibrium data. The NRTL-VLL model parameters calculated in this paper were used to simulate the n-propanol dehydration process using a ChemCAD simulator (ChemCAD, 2010) . The following entrainers were used: cyclohexane, isooctane, DNPE and n-propyl acetate. Therefore, in this work the NRTL-VLL parameters were fitted for ternary mixtures containing water, n-propanol and entrainer. The DIPE was tested also as the entrainer but it turned out that this ether did not form a heteroazeotrope with water and n-propanol and it was not used in the simulations. The correlated model parameters were used to: the VLLE calculations of the considered ternary mixtures, the VLE calculations of their binary subsystems (water -n-propanol and n-propanolentrainer) and prediction of the temperature and concentrations of ternary and binary azeotropes. Calculation results showed that the NRTL-VLL parameters describe all these various properties with a good (but not perfect) accuracy. Therefore, the NRTL-VLL parameters were additionally tested in the simulations of n-propanol dehydration. It is known from literature that models describing the VLLE have the greatest difficulty with a precise description of LLE. Therefore, particular emphasis was placed on checking whether the concentrations of the liquid phases leaving the decanter are close to the experimental LLE data. Simulations presented in the literature do not contain such comparisons.
The results of simulations show also which variant of the n-propanol dehydration process is the most preferred from the standpoint of energy requirements. For comparison, calculations were also carried out for one mixture using the NRTL equation coefficients taken from the ChemCAD database. 
In my previous paper (Wyczesany, 2014) two approaches were used for the VLLE calculation depending on the availability of the experimental values of the total mixture mole fractions zi. In the case of data containing T, P and the values zi the classical method of the three-phase flash calculation was used. For systems considered in this paper the data contain the equilibrium compositions of all three phases in addition to T and P and do not present the mole fractions zi. To be able to use this data at all, the last values must be assumed. We can assume that the mole fractions zi refer to the total mixture or to the total liquid phase. In the first case the mole fractions zi correspond to the arithmetic mean values of the experimental mole fractions of individual components in all three phases. In the second case these mean values refer to both liquid phases only. It is obvious that both assumptions cause some inaccuracies in the material balance of each component. The last assumption seems to be much more reliable and it was used in the second approach of the VLLE calculation. When zi values are computed as in the first case the flash calculations often do not converge.
For isobaric data the known values are represented by the pressure and mole fractions zi of the total liquid phase. The experimental temperature is treated in calculations as an initial value. For the known values zi and T the algorithm calculates the LLE (aqueous phase fraction in the total liquid and the compositions of both liquid phases). In the next step the VLE is calculated for both liquid phases. For known values of P and the mole fractions of the liquid phase the algorithm computes the mole fractions yi of the gas phase and the boiling temperature. The values of T obtained for both liquid phases are compared to each other. If they differ by more than the value of 0.001 K, the organic phase temperature is taken as a new one for further calculations. In the next step again the LLE and the VLE for both liquid phases are computed. Iterations are continued until the difference between the temperatures in both gas phases is lower than 0.001 K. Subsequently the algorithm computes for the same substances the differences between the mole fractions yi calculated for both liquid phases. If they are greater than the value of 0.0001, the new temperature is assumed and the algorithm returns to the LLE and the VLE computations for both liquid phases. If not, the VLLE is calculated. A detailed description of the algorithm is given elsewhere (Wyczesany, 2014) .
CALCULATION OF NRTL EQUATION PARAMETERS
NRTL equation parameters were calculated by the minimization of the objective function OF given by Eq. 2.
This function uses NLLE experimental points for the LLE. The data may refer to the VLLE and the LLE of the given system or its subsystems. The first term of the function OF refers to Nc components and both liquid phases. The second term of the minimized function uses NVLE experimental points of the VLE and also includes Nc components. The data may refer to the VLLE and the VLE for the given system or its subsystems. The last term of the function OF applies the differences between the cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe experimental and calculated temperatures and is calculated for NVLE experimental points. The values W1 and W2 are the weight parameters, which enable better fitting of the calculated values to the experimental data. For ternary mixtures the minimized objective function contains 9 parameters (A12, A21, A13, A31, A23, A32, 12
RESULTS OF CALCULATION AND THEIR DISCUSSION
In a previous work by the author (Wyczesany, 2014) the coefficients of the NRTL equation were calculated for 27 mixtures determined at nearly atmospheric pressure. In this work these parameters were fitted for four new systems and calculated again for the mixture of water -n-propanol -DNPE putting emphasis on the better fitting of the concentration and temperature of the ternary heteroazeotrope. Table 1 lists the investigated mixtures and Table 2 presents the calculated values of the NRTL equation parameters.
The values representing the accuracy criteria of correlation and prediction of the VLLE and the VLE are the following: Δxi and Δyi -absolute mean deviations between experimental and calculated equilibrium compositions of species i in the liquid and vapour phases, respectively and ΔT -absolute mean difference between experimental and calculated equilibrium temperatures. Additionally, two mean deviations ΔX and ΔY were defined (Eq. 5). The first one refers to all the components (Nc) in a given liquid phase, the second one to all the components in the gas phase.
,
, Table 4 presents deviations obtained during the parameter correlation referring to the VLE of the binary subsystems: water -n-propanol and n-propanol -entrainer (hydrocarbon, ether or ester). The accuracy of the description is quite good in spite of the fact that VLE temperatures often significantly differ from VLLE temperatures. Since the NRTL-VLL parameters can be used in a simulator for modelling n-propanol dehydration processes via heterogeneous azeotropic distillation, the model should accurately predict the composition, temperature and the type (homogeneous or heterogeneous) of the azeotropes. Table 5 presents the experimental and calculated compositions (in mole fractions) and temperatures of the azeotropes for the considered ternary systems and their binary subsystems. The necessary calculations were performed with ChemCAD. In most cases, the accuracy of the prediction is satisfactory. The best precision can be observed for the water -n-propanol -cyclohexane mixture. The least accuracy occurs for the water -n-propanol -DNPE system. If the system does not form any ternary azeotrope cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe (mixture 4), the NRTL-VLL parameters correctly predict this fact. Remaining ternary systems listed in Table 5 form heteroazeotropes. The NRTL-VLL parameters correctly predict this phenomenon also. (2003) The NRTL-VLL parameters obtained in the presented works have been used in the simulation of dehydration processes of the mixtures: water -n-propanol via the heterogeneous azeotropic distillation. The calculations were performed with a ChemCAD simulator which contains numerical values of the coefficients of the NRTL equation for many binary systems in its database. They would correspond to the VLE parameters if the components are miscible completely. If the mixture exhibits a relatively small miscibility gap (as the water -n-butanol system), ChemCAD has usually two sets of parameters: for the VLE and the LLE. However, if the miscibility gap is large (as in the water -hydrocarbons systems) the NRTL equation parameters describe the LLE only. These coefficients taken from the database have been replaced by the NRTL-VLL parameters for the considered ternary systems. For comparison, in the case of the mixture with n-propyl acetate the simulations were also performed using the NRTL binary parameters taken from the ChemCAD database.
In the simulations of n-propanol dehydration the following entrainers were used: cyclohexane, isooctane, DNPE and n-propyl acetate. All simulations were performed using in the thermodynamic settings the following global phase option: "Vapor / Liquid / Liquid / Solid". Figure 1 shows the flowsheet of this process (the numbers of streams are placed in squares and the numbers of unit operations in circles). Stream 1 contains 100 kmol/h of a mixture having the mole fractions of water and n-propanol equal to 0.5 and the vapour fraction equal to 0.5. It is separated in the distillation column 1 into water having a concentration of 99.9 mol% and the gaseous distillate which is an azeotropic mixture of water and n-propanol. This mixture is directed into the distillation column 2 which has not any condenser and is fed also by the organic phase from the decanter 3. Pure n-propanol (99.9 mol%) is obtained at the bottom of the column 2 and the top product of this column with a composition and temperature close to the ternary azeotrope is totally condensed at heat exchanger 4 and separated into two liquid phases in the decanter 3. The last unit can calculate the three-phase VLLE. In all performed simulations the flow of the gaseous stream 12 was equal to zero and the decanter calculated only the LLE. (ChemCad has a flash unit which always treats the first output stream as vapour. Therefore, if we want to calculate the separation of two liquids only we must use the LLV flash.) The aqueous phase from the decanter is directed into the distillation column 1. The device 6 is a controller which counts the losses of the third component in the streams 3 and 7. These losses are supplemented by the stream 9. For all simulations carried out in the work the numbers of stages in columns have been established by trial method, so as the column was able to produce at the bottom water or alcohol of the assumed purity. The feed stage numbers of both columns were chosen also by trial method, based on conditions that the total heat delivered to the reboilers of both columns was the lowest. For the all performed simulation processes the reflux ratio at the top of the column 1 was fixed to 0.1. Table 6 presents the total flow, composition and temperature of the streams 4, 5, 6 and 2 as well as the total number of stages and the feed stage numbers for both columns. For the mixtures with cyclohexane and DNPE Table 6 presents two solutions. For both mixtures in the first solution the top stream of the column 2 has the composition and the temperature close to the azeotrope. In the second solution these values are significantly different from those of the azeotrope. In the latter case, the streams 4 and 5 have significantly higher total flows, resulting in greater energy requirements for a given flowsheet. For a mixture with n-propyl acetate Table 6 shows also simulation results obtained for the NRTL equation coefficients taken from the ChemCAD database. The composition of the stream 4 differs here significantly from that of the azeotrope.
The vapour from the top of column 1 (stream 2) should have the composition and temperature close to the corresponding values for the binary azeotrope of water -n-propanol system. It can be seen that in all simulations this agreement is satisfactory. The models describing the VLLE presented in the literature have the biggest problems with precise description of the LLE. Therefore, the agreement between the concentrations of both liquid phases formed in the decanter and the experimental LLE values is a very important factor that strongly affects the accuracy of the entire simulation. This agreement has been illustrated for the four considered systems in Fig. 2 . It presents the experimental points of the LLE taken from the VLLE data, the lines describing these points by the NRTL-VLL parameters, tie lines drawn with a solid line on the base of the concentrations of the organic and the aqueous phases (respective streams 5 and 6) taken from the simulations and three experimental tie lines drawn with the dashed lines. In order to make the graphs clear, only three experimental tie lines closest to the tie line obtained from the simulation were placed on them. For the all four simulations, the line connecting the concentrations of the two phases obtained in the decanter fits very well into three experimental tie lines. In the case of mixtures with cyclohexane and DNPE the graphs were drawn for the first solution. For the system with n-propyl acetate the graph contains also the tie line plotted on the base of the simulation obtained using the NRTL equation cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe coefficients taken from the ChemCAD database. This line differs significantly from the experimental LLE data. It has an impact on the results of the entire simulation through the values of the molar flow and concentrations of the streams 4 and 5, which are here significantly different from those obtained for the NRTL-VLL parameters. So, the original coefficients taken from the ChemCAD database are not suitable for simulation of heterogeneous azeotropic distillation. Figure 3 presents the profile of the liquid phase and separately the profile of the gas phase in the azeotropic column for the water -n-propanol -cyclohexane mixture. For all simulations performed in the work only one liquid phase was present in the azeotropic column. No phase splitting was detected. The same phenomenon was observed for the simulation of ethanol dehydration with isooctane (Font et al., 2003) as well as in the experimental conditions of this process (Gomis et al., 2007b ). Table 7 shows the energy requirements for each considered simulation. They take into account separately the heat duties in the column condensers and the coolers and the heat duties in the column reboilers. In the case of a mixture with cyclohexane and DNPE the first solutions have the lower total flows of the streams 4 and 5. These variants have also lower energy requirements. The simulations performed for the systems with isooctane and DNPE have lower energy requirements than the simulations with cyclohexane and n-propyl acetate.
CONCLUSIONS
For 5 ternary systems considered in this work calculation results showed that the NRTL equation can describe quite accurately the VLLE of ternary mixtures and the VLE of their binary subsystems if the binary parameters of this equation were fitted simultaneously to the three-phase and two-phase equilibrium data. The deviations ΔX do not exceed 1 mol % and they are usually lower for the aqueous phase. The deviations ΔY referring to the vapour phase are in the range of 1.07 -1.54 mol%, and the differences ΔT only in two cases exceed the value of 0.3 K. The binary NRTL-VLL parameters describe the VLE of binary subsystems water -n-propanol and n-propanol -entrainer quite well despite the fact that VLE temperatures often significantly differ from VLLE temperatures. The NRTL-VLL parameters calculate the compositions and the temperatures of ternary azeotropes with good accuracy. The same conclusion refers to the binary subsystems of the considered ternary mixtures. The model also correctly predicts that the water -n-propanol -DIPE mixture does not form any azeotrope whereas the remaining ternary systems listed in Table 5 form heteroazeotropes. In the majority of simulations the top products from the azeotropic column have compositions and temperatures close to the corresponding experimental values of ternary azeotropes. The accuracy is very good for the mixtures: water -n-propanol -cyclohexane and water -n-propanol -isooctane. Examples referring to the water -n-propanol -cyclohexane and the water -n-propanol -DNPE mixtures indicate that if the top stream of the azeotropic column has the composition significantly different from that of azeotrope, then the recycle streams (especially organic phase) take higher values and the simulation results are energetically less favourable.
The top products from the first column are the mixtures having the compositions and temperatures close to the experimental values of the water -n-propanol azeotrope.
The accuracy of the entire simulation strongly depends on the correct prediction of the concentrations of both liquid phases formed in the decanter. Figure 2 shows that for all simulations (performed using the NRTL-VLL parameters) the lines connecting the concentrations of both liquid phases formed in the decanter fit very well to three closest experimental tie lines. For the simulation performed using the NRTL equation coefficients taken from the ChemCAD database the concentrations of the liquid organic phases obtained in the decanter differed very significantly from the experimental LLE data.
The energy requirements take into account for each simulation separately the heat duties in the column condensers, and coolers and separately the heat duties in the column reboilers. The simulations performed for the systems with isooctane and DNPE have the lowest energy requirements. 
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